Abstract Since the first description of a mitochondrial DNA (mtDNA)-associated disease in the late 1980s, there have been more than 275 mutations within the mtDNA genome described causing human disease. The phenotypic expression of these disorders is vast, as disturbances of the unique physiology of mitochondria can create a wide range of clinical heterogeneity. Features of heteroplasmy, threshold effect, genetic bottleneck, mtDNA depletion, mitotic segregation, and maternal inheritance have been identified and described as a result of novel biochemical and genetic controls of mitochondrial function. We hope that as we unfold this fascinating part of clinical medicine, the reader will see how alterations in the tapestry of mitochondrial biochemistry and genetics can give rise to human illness.
Introduction
Mitochondria are intracellular organelles that produce cellular energy in a series of reactions collectively called oxidative phosphorylation (OXPHOS). Disorders that alter OXPHOS production of energy, i.e., adenosine triphosphate (ATP), can compromise cellular and organ function leading to disease. The unraveling of how alterations in mitochondrial function can diminish OXPHOS, with resultant low ATP levels, has created a distinct group of diseases, mitochondrial cytopathies. When a nadir of intracellular ATP level compromises cell function, cellular and eventual organ dysfunction and failure can develop. Those organs that rely on high levels of energy for proper functioning are the most vulnerable and have, in part, defined mitochondrial disease. On this background of differential organ involvement, the unique genetic and physiological properties of mitochondria can further alter the clinical presentation of mitochondrial disorders. In addition to the direct effects altering OXPHOS, mitochondrial disorders related to impaired protein importation, defects in mitochondrial dynamics, and alteration of maintenance and expression of mitochondrial DNA (mtDNA) have become evident in disorders seen in infants and children. Consequently, mitochondrial disease can best be viewed as a collection of diseases with variable symptoms and prognoses. Taken together, this group of diseases is a significant cause of human illness [1, 2] . The interplay of energy demand, organ sensitivity, and unique genetics and physiology of mitochondria give rise to a wide variety of clinical manifestations, which range from single organ to multisystem involvement, with age of onset from newborn to the elderly. Phenotypically, disorders can look similar from a wide range of genetic etiologies, yet identical gene mutations can give rise to a variety of phenotypes. Furthermore, environmental factors, such as illness, medications, and toxins, can alter the presentation and course of mitochondrial disease. Most mitochondrial diseases in childhood arise from nuclear gene mutations, but mtDNAderived diseases still constitute a significant proportion of disease during early life. Our review will highlight mtDNAinduced diseases and try to present the range of disorders during the developmental period from the newborn through adolescence.
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Mitochondrial Physiology
The key to understanding how alterations in mtDNA can induce disease starts with an understanding of mitochondrial physiology. The salient biochemical and genetic factors will be discussed and, hopefully, will demonstrate some of the reasons for the variety and range of mitochondrial disease.
Structure
Mitochondrial internal and external morphology is in a dynamic state and varies between cell type and metabolic state; it can also be altered during disease [3] . Intracellular mobility is regulated by specific proteins involved in mitochondrial fusion and fission, together with organelle motility proteins [4] . Mitochondria ( Fig. 1 ) have outer and inner membranes that encase an aqueous compartment, the mitochondrial matrix. The space between the inner and outer membrane is named the intermembrane space. The inner membrane provides an effective barrier to ionic diffusion, which is a critical factor in generating the proton electromagnetic gradient responsible for phosphorylation at complex V in the electron transport chain (ETC) [5] . The inner membrane also makes up the mitochondrial cristae, which is the highly folded inner membrane.
OXPHOS: Structure and Function
The matrix contains multiple enzymes involved in the tricarboxylic acid cycle and beta-oxidation that produce the electron donors, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH 2 ). These donors provide electrons for the ETC, which makes up the OXPHOS system. The ETC is composed of 5 transmembrane complexes, made up of over 85 proteins and located within the inner mitochondrial membrane (Fig. 1) . Electrons are shuttled through a series of redox reactions, via complexes I, II, III, and IV, liberating energy that is coupled to the flow of hydrogen ions (protons) which are expelled from the matrix into the intermembrane space. The transport of hydrogen ions into the intermembrane space occurs at complex I, III, and IV, and is used to create energy stored as the proton-gradient membrane potential (ΔΨ). The electrons are fixed at complex IV in the form of molecular oxygen to produce water (oxidative steps). The membrane potential is then utilized at complex V (ATP synthase) by the flow of hydrogen back into the matrix to couple inorganic phosphate and adenosine diphosphate (ADP) into ATP (phosphorylation step). Intrinsic to the ETC are 2 mobile electron carriers, ubiquinone or coenzyme Q10, and cytochrome c, which shuttle electrons between complex I and II to complex III or complex IV respectively. There is a complex of 3 enzymes that shuttle electrons into complex II as FADH 2 ; succinate-ubiquinone reductase, the electron-transfer flavoprotein-ubiquinone reductase and dihydroorotate dehydrogenase.
The ETC components, complexes I, II, III, IV, and V are made up of gene products derived from both nuclear and mitochondrial genomes. Of the more than 85 proteins within the complexes, only 13 of these proteins are encoded by mtDNA; the rest are encoded in the nucleus and produced outside of the mitochondrion. The 4 subunits of complex II are all encoded in the nucleus. Seven of 46 complex I subunits, 1 of 11 complex III subunits, 3 of 13 complex IV subunits, and 2 of 13 complex V subunits are mtDNA derived. Subunits are assembled with prosthetic groups and metal-containing centers by a set of assembly factors, which are unique to each complex. The complete set of assembly factors remains unknown and probably represents further "unknown" sources for nuclear encoded diseases with hallmarks of mitochondrial cytopathies [6] . All of the assembly factors are nuclear in origin. panel (a) , the cartoon represents a mitochondrion with outer membrane, inner membrane (cristae), and matrix (as labeled). The inner mitochondrial space lies between the outer and inner membrane. The morphological shape of a mitochondrion changes with tissue type and energy state, and is dynamic. In panel (b), the electron transport chain is represented. There are 5 complexes as labeled. Electrons produced by the tricarboxylic acid cycle enter via complex I (nicotinamide adenine dinucleotide) and complex II (flavin adenine dinucleotide), and are shuttled via coenzyme Q10 (coQ) to complex III and subsequently to complex IV where molecular oxygen is transformed into water. The proton gradient produced by the shuttling of electrons at complex I, III, and IVare used to generate energy needed to phosphorylate ADP into ATP Mutations in either nuclear or mitochondrial gene products involved in OXPHOS can give rise to human disease. The unique reliance of the mitochondrial genome on nuclear gene products for DNA replication, expression and maintenance creates multiple and varied avenues for the expression of disease.
MtDNA
The mitochondrial genome is extraordinarily distinctive from nuclear DNA (Table 1 ). In humans, the mitochondrial genome is a 16,569-base pair double-stranded circular molecule. There are multiple copies within each mitochondrion. Unlike nuclear DNA, mtDNA is densely packed, made up of mostly exons, and lacks histones, as well as repair enzymes. The 2 strands of mtDNA have different masses owing to their nucleotide composition, which alters their buoyant density in a cesium chloride gradient: cytosine-rich strands are light (L), while guanine-rich strands are designated as heavy (H). Twelve of the 13 mtDNAencoded ETC proteins, together with 2 of the ribosomal RNA and 14 transfer RNA genes, are within the L-strand [7] . The Hstrand is limited to genes encoding 1 ETC protein and 8 tRNAs. A number of important regulatory sequences for transcription and replication are located within the only sizeable non-coding region (NCR) within the H-strand. The mitochondrial displacement loop (D-loop) is found within the NCR and recent evidence suggests that this region is responsible for organizing and segregating mtDNA [8] .
Most cells contain multiple copies of mtDNA, with copy number correlated with cellular respiratory demand; hundreds of copies can be found within highly energetic cells, such as muscle and nerve. There are anywhere between 2 and 10 copies of mtDNA within each mitochondrion. mtDNAs are organized in multigenomic nucleoprotein complexes named nucleoids, and are tightly associated with the inner mitochondrial membrane [9] [10] [11] . Replication of mtDNA is continuous and independent from nuclear DNA replication, and occurs in dividing and non-dividing cells [12, 13] . The replisome nucleoid consists of unique proteins; polymerase gamma 1, which is unique to mitochondria [14] [15] [16] and other single-stranded replication factors [17] . The exact mechanism of mtDNA replication remains poorly understood with 2 different mechanisms proposed: a traditional strandasynchronous method and a leading-lagging strand DNA replication model [18, 19] . There are likely many undiscovered proteins involved in this process [17, 20] .
Mitochondrial Transcription, and Translation
Mitochondrial transcription is initiated from 1 of 3 promotors; 2 are found within the H-strand, HSP1 and HSP2, and the other, LSP, is on the L-strand. Transcription from HSP2 and LSP generate almost genome-length polycistronic transcripts containing all the mtDNA proteins and most tRNA molecules [21, 22] . HSP1 produces a polycistronic transcript containing only the 2 rRNAs, 12S and 16S, and 2 mt-tRNAs, tRNA
Phe and tRNA Val . Other proteins, such as mt-TFB and mTERF, involved in the transcriptional machinery are all nuclear encoded and are beyond the scope of this article, but reviews are available [23, 24] . The details of mitochondrial translation remain incompletely understood. Unique features include RNA-poor mitoribosomes [25] , partial stop codons in some transcripts that are completed by polyadenylation [21, 26] , bicistronic transcripts [27] , and unique genetic code [28] .
Mitochondrial Genetics
The mitochondrial genome has a mutation rate that is much higher than nuclear DNA, but most are neutral polymorphisms. The first pathogenic mutations were identified in 1988; they were found to give rise to Kearns-Sayre syndrome (KSS) [29] and Leber hereditary optic neuropathy (LHON) [30] . In little over 16 years, more than 275 pathological mtDNA mutations (point mutations and rearrangements) have been described [31] . The unique features of mitochondrial genetics have created a wide range of diseases with varying phenotypes and age of onset, as cells can, over time, acquire somatic mutations in mtDNA, creating a possible genetic mosaic for an affected individual. The heterogeneity is compounded by the influence of two genomes, mitochondrial and nuclear, which combine to alter phenotypic expression. The variation in energy demand between tissues alters the energy nadir that induces phenotypic cellular dysfunction. In addition, the more energy-requiring organs have more mtDNA per mitochondrion and more mitochondria per cell. When these factors are taken into account, there is a unique disease heterogeneity that creates a "rheostat"-like disease, with a blending of various clinical signs and symptoms depending on mtDNA mutation location, cellular mutational load, environmental stressors, and nuclear and mitochondrial genetics. The key features of mitochondrial genetics are described in the following.
Homoplasmy, Heteroplasmy, and Threshold
There are up to thousands of mtDNA copies per cell (polyploidy). When all the copies of the mtDNA genome are identical, this is termed homoplasmy. When there are 2 or more mtDNA genotypes mixed within a cell, the term heteroplasmy is used. The majority of mtDNA mutations are "loss of function" or recessive mutations. In these types of disease, the clinical phenotype only becomes evident when the percentage of mutant mtDNAs exceeds a critical threshold. This percentage varies for different mutations and tissues, but is usually in the range of >70 % [32] . However, "gain of function" or dominant disease exists, but only a single case has been reported, suggesting that these types of mutations within mtDNA are rare. Low levels of heteroplasmy (<25 %) were found to induce disease in a 3-yearold patient, suggesting a dominant mutation. The mutation m.C5545T in the tRNA Trp induced hypertrophic cardiomyopathy, truncal hypotonia, seizures, microcephaly, lactic acidosis, and progressive developmental delay [33] .
Maternal Inheritance
The current model of mtDNA inheritance is that all mtDNA is inherited through the mother [34] . In Caenorhabditis elegans, paternal mitochondria are eliminated from the fertilized oocyte by autophagy [35, 36] . Autophagy is a degradation process that removes structures that threaten cell survival via ubiquitination and recruitment of specific proteins involved in cellular degradation [36] . Although autophagy and ubiquitination of paternal mitochondria is unproven in humans, the lack of human paternal mtDNA inheritance is almost universal, and suggests an ancient and highly conserved process. There has been a single report of paternal mtDNA within the muscle of a patient with myopathy, which was proven by the unique haplotype of the father's mtDNA that was found only in muscle [37] . However, the evidence is overwhelming that if paternal inheritance is present, it is an exceedingly rare event [38] [39] [40] . Thus, a mother carrying an mtDNA point mutation may transmit this mutation to all of her offspring, both males and females, but only the daughters are capable of passing the mutation to the next generation. Children of her sons will be free of disease.
Bottleneck Effect
The proportion of heteroplasmic mtDNA mutations can shift dramatically between generations, with a return to homoplasmy in some individuals. This process has been termed the "bottleneck effect or hypothesis." Originally described in work with Holstein cows in the 1980s [41] , the mechanism(s) remain unclear [42] . Some studies indicate that this bottleneck effect occurs during embryogenesis of the oocyte where the mtDNA content per mitochondrion is reduced in mature oocytes [43] . Other studies demonstrate that mtDNA content is not reduced and the bottleneck effect occurs post-fertilization, without reduction in mtDNA in germ cells [44] . The current hypothesis is that mtDNA replication is limited before blastocyst implantation and therefore expansion of the mtDNA, and the bottleneck effect on heteroplasmic variance occurs after differentiation of primary oocytes [45] . The variation of heteroplasmy levels is likely generated by unequal segregation of mutant and wild type mtDNA genotypes during oocyte maturation in postnatal life [46] . However, the exact mechanism remains unknown.
Clonal Expansion
During cell division, mitochondria are randomly segregated and the proportion of heteroplasmy can shift by random chance. As cell division continues, the mutational threshold is reached with clinical expression of the disease. The opposite can also occur and mutant mtDNA can be lost. In those cells undergoing rapid cell division, mutant mtDNA may be preferentially lost. For example, certain mtDNA mutations are lost in blood during aging [47] .
Epidemiology
Mitochondrial diseases are individually rare, but, as a group, they represent one of the most common of the inherited disorders of metabolism [48] . The total minimal prevalence for both mtDNA-and nDNA-derived mitochondrial disease due to OXPHOS dysfunction is estimated to be 1 in 5000 [49] . Unfortunately, the true prevalence of mtDNA mutation-induced disease during childhood remains unknown: the spectrum of clinical presentations, similar symptoms to other diseases diluting ascertainment, varying age of onset, and dual genomic interplay (a nuclear mutation that induces mtDNA mutations) limits accurate identification. For instance, in a prospective study looking at 3000 sequential cord blood samples, 0.54 % of offspring carried 1 of the 10 most common pathological mtDNA mutations, suggesting that 1 in 200 healthy humans harbors a pathological mutation and are at risk for developing disease [50] . The estimate of mtDNA contributions to the prevalence of mitochondrial disease in England is 9.2 in 100,000 [51] . The high occurrence rate of pathological mutations compared to expression of disease suggests that other factors are likely involved in regulation of disease.
The 2 most common mtDNA-derived diseases are LHON and mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS). LHON is estimated to have a minimum point prevalence in northern England of 3.13 per 100,000 live births and MELAS is estimated to be 3.65 per 100,000 [51] . In 2 pediatric studies, 1 in western Sweden [52] and the other in Victoria, Australia [2] , the minimum birth prevalence of child mitochondrial respiratory chain disease was estimated to be 4.7 per 100,000 and 5.0 per 100,000 respectively. Fifteen percent of children were found to have pathological mtDNA mutations in both studies, making the minimum birth prevalence of mtDNA disease 1 in 100,000. When comparing the birth prevalence from the 2 studies [2, 52] [51] , it suggests that as the ascertainment of mtDNA-derived diseases becomes better, a more accurate estimate of the birth prevalence will occur.
MtDNA Mutations
In general, mitochondrial diseases induced by nuclearencoded genes are more severe and typically have an onset earlier than mtDNA disease, i.e. during infancy or childhood [53] [54] [55] . In contrast, mtDNA mutation-related diseases are usually milder and occur later in life, although severe, earlyonset mtDNA-related diseases are well described [56, 57] . Pathological mutations within the mtDNA are either point mutations or rearrangements of mtDNA. Although 80 % of the coding regions of the mtDNA genome are proteincoding genes (subunits of complex I, III, IV, and V), a majority of disease-causing mutations involves tRNA genes. Rarely, pathological mutations occur in the rRNA genes. Mutations are divided into 2 groups: mutations affecting mitochondrial protein synthesis (tRNA and rRNA) and those encoding proteins (mRNA) of the ETC.
Pathological mutations in tRNA genes lead to a general impairment of mitochondrial protein synthesis owing to reductions in essential mtDNA-encoded ETC subunits. Mutations in individual encoded ETC subunit proteins alter the function of 1 specific ETC complex. Most disease-causing mutations are heteroplasmic point mutations and manifest in a wide variety of clinical presentations. Homoplasmic mutations are often manifested only in isolated tissues with incomplete penetrance [58] [59] [60] . Recently, a developmentallyexpressed point mutation in a tRNA gene has also been described-reversible infantile cytochrome c oxidase (COX) deficiency [61] . Specific criteria have been formulated to separate the many mtDNA mutations that are neutral polymorphisms from disease-causing mutations (Table 2 ) [62] . However, there are a few mutations that do not fulfill "pathological mutation" criteria, but are disease causing, such as the m.8344A > G mutation inducing the myoclonus, epilepsy with ragged-red fibers (MERRF) syndrome. In addition, there are certain nucleotide changes that are not disease-causing, but may modulate the phenotype of primary pathological mutations [63, 64] .
Rearrangements in mtDNA are usually single large nucleotide length rearrangements, which can vary in size from 1.3 to 7.6 kilobases [65] . Large deletions, 5 kilobases in size, have been mapped to identical regions spanning the ATPase8 gene to ND5 gene, typically flanked by a perfect 13-base pair direct nucleotide repeat [66] . In a large referral center, 67 patients with mtDNA deletions and disease were studied. Approximately 40 % of patients had the 5 kilobase deletion, were all older than 6 years, and were mostly only detected from muscle samples [66] . In this same study, in the group <6 year of age, only 15 % had the 5 kilobase deletion. This younger group demonstrated a diffuse pattern of deletion distribution in size and location, with the highest degree of heteroplasmy. Single deletions occurred sporadically early in development, and the identical deletion occurred in all affected tissues [67] . The exact mechanism of producing single deletions is not fully understood, but may occur during repair of damaged mtDNA or during replication [68, 69] . Duplications of mtDNA appear to be benign, but a single case report of a maternally-transmitted tandem duplication giving rise to diabetes mellitus has been described [70] .
Multiple deletions within mtDNA have been reported to induce disease, but are due to mutations in nuclear genes involved in maintenance of mtDNA and/or mitochondrial nucleotide pools [71, 72] . There are multiple diseases that have an onset during childhood that are due to multiple deletions and mtDNA depletion, and are reviewed in another article [73] .
mtDNA Diseases of Childhood

Neonatal Disease
There have been several large institutional population studies describing patients with neonatal onset of mitochondrial diseases. Three such studies indicated that of the 188 patients described only 3 had disease that was the result of mtDNA mutations [2, 55, 74] . All 3 patients had Leigh syndrome from the m.8993 T>G mutation.
There are physiological reasons that mtDNA mutations do not often cause symptoms in the neonate. The major source of cellular ATP in fetal tissues is anaerobic glycolysis [75] . In addition, the generally heteroplasmic nature of mtDNA mutations tend to be expressed later in life. However, anecdotal experience has suggested that early spontaneous abortions and/or neonatal deaths are common in mtDNA mutations [76] . Larger cohort studies investigating mtDNA mutation contributions to early demise are needed owing to maternal inheritance and possible early intervention counseling.
The ubiquitous distribution of mitochondria suggests that disease manifestations should be clinically heterogenous and involve multiple organs. The differential vulnerability of specific tissues to defects of energy production can differentially alter disease expression. Therefore, disease symptomatology would be expected to be rather heterogenous, but there are some stereotypical presentations of "classical" syndromic mitochondrial diseases (Table 3 ). Three such syndromes are expressed in the neonatal period.
Leigh Syndrome
The most common and genetically diverse syndrome is Leigh syndrome. All neonates described in the large cohort studies above had the mutation within the ATPase6 gene of complex V, m.8993 T > G. Most of the mtDNA mutations inducing Leigh syndrome later in life are found in genes encoding subunits of complex I (ND1, ND2, ND3, ND4, ND5, ND6), complex IV (COXIII), and complex V (ATPase6), with 3 of the tRNA-encoding genes also involved (lysine, valine, and tryptophan). There are at least 26 distinct mtDNA mutations that have been described in these genes that give rise to Leigh syndrome [77] . Nuclear genes can also give rise to Leigh syndrome and as a group represent a greater percentage of Leigh syndrome patients [77] .
Denis Leigh described the pathological findings of focal bilaterally symmetric, spongiform, necrotic lesions associated with demyelination, vascular proliferation, and gliosis in the brainstem, diencephalon, basal ganglia, and cerebellum that were responsible for an early encephalopathy and death in a young child [78] . More recently, magnetic resonance imaging has replaced pathological descriptions with progressive acquisition of signal abnormalities within the lentiform and caudate nuclei, as well as signal changes in the thalami, periaqueductal gray, tegmentum, red nuclei, and dentate nuclei (Fig. 2) [79] . Typically, onset is within the first 2 years of life, but most patients present in the first month of life [80, 81] . Patients have severe neurological involvements, psychomotor delay, hypotonia, truncal ataxia intention tremor, seizures, ophthalmoparesis, optic atrophy, and dystonia, but a wide range of neurological findings exist [77, 82] . Some patients demonstrate multisystem disease with minimal neurological involvement [83] . Muscle weakness is common [77] . Non-neurological manifestations include cardiomyopathy, severe constipation/ Table 2 Criteria for pathogenicity of mutations in mtDNA disease [62] 1. Mutation should not occur in normal individuals of the same ethnic group; a minimum of several hundred controls should be screened. 2. The altered nucleotide should be conserved in evolution (indicator of functional importance). 3. Should be associated with OXPHOS deficiency in affected tissues, or the mtDNA when transferred to control cells should manifest an OXPHOS defect. 4. There should be a correlation between clinical and biochemical phenotype and mutant load, where the mutation is heteroplasmic. mtDNA0mitochondrial DNA; OXPHOS0oxidative phosphorylation gastrointestinal dysmotility to diarrhea, respiratory failure, dysmorphic features, and short stature [77] . Strict criteria for diagnosis have been proposed owing to the range of clinical findings [84] .
Pearson Syndrome
The second syndrome that is found in the neonatal period is Pearson syndrome [85, 86] . This syndrome is characterized by infantile onset of refractory sideroblastic anemia with vacuolization of bone marrow precursor cells and pancreatic dysfunction. There are also other severe organ dysfunctions of the exocrine pancreas, liver, and kidney. The clinical course often leads to early death, but those that survive later in childhood develop KSS. The etiology of both disorders is a large deletion in mtDNA. In contrast, patients with adult onset mtDNA deletion syndrome, chronic progressive external ophthalmoplegia, are limited phenotypically to neuromuscular and ophthalmologic symptoms [87] . As described previously, the older patients usually have a 3-fold increase in the common 5-kilobase mtDNA deletion involving 13 perfect repeat regions within the mtDNA [66] . It is tempting to think that disease severity and onset is related to deletion size or genes deletion, but this has not been found. The mechanism is unclear, but one clue is that almost all deletions are somatic and not maternally inherited [86] . One hypothesis is that deletions found in younger patients arise from maternal germ line mutational events or during early embryogenesis, where the deletion enters into all 3 germ layers; in others, deletions occur in later random somatic events [66] . This would be consistent with the severe multisystemic findings of Pearson syndrome and later-aged onset of KSS, and adult onset of chronic progressive external ophthalmoplegia.
Infantile Reversible Cytochrome c Oxidase Deficiency Myopathy
This third syndrome found in the neonatal period is reversible COX-deficient infantile myopathy. Although first described by DiMauro et al. [88] in the early 1980s, the genetic defect was not elucidated until 2009 [89] . Affected infants present with hypotonia and severe muscle weakness in the first few days to weeks of life. They often require mechanical ventilation and have severe lactic acidosis. The muscle biopsy material demonstrates absent muscle complex IV or COX activity. These patients improve spontaneously between 5 and 20 months of age with reversal to normal COX activity and are phenotypically healthy and without major symptoms [88, 89] . The etiology is a homoplasmic m.14674 T>C mutation in the tRNA Glu gene [89] .
Other Neonatal Mitochondrial Diseases
There have been other case series and case reports of neonatal onset diseases. A homoplasmic mutation, m.1624C > T in the tRNA Val gene was found in 1 family that gave rise to 6 children who died with severe lactic acidosis; a seventh had Leigh syndrome [58] . Two siblings having a homoplasmic mutation, m.3303C > T in the tRNA Leu gene died of infantile cardiomyopathy [90] .
Infancy and Childhood
There have been at least 4 large-center studies looking at onset of mitochondrial disease during infancy and childhood [52, 54, 91, 92] . There were 262 patients, with approximately 17 % of diseases accounted for by mtDNA mutations. Most mtDNA diseases were "classical" mitochondrial syndromes (Table 3) , including MELAS, LHON, KSS, and MERRF. The consistent phenotypes of these disorders may have lead to the potential bias of disease detection.
The most common syndrome caused by mtDNA mutation in this age group is MELAS. The age of onset varies, but usually occurs before the age of 40 years. MELAS presents as a progressive neurodegenerative disorder associated with headache, treatment resistant partial seizures, short stature, exercise intolerance and muscle weakness, diabetes, progressive dementia, and sensorineural hearing loss [93] . Migraine headaches and partial seizures or epilepsia partialis continua are common and can precede or accompany stroke-like events [94] . Respiratory depression may be the presenting symptom [95] . On neuroimaging, the stroke-like lesions are often transient, with lesions Fig. 2 This is a 3-Telsa magnetic resonance image from a 9-year-old male with Leigh syndrome. The image is a T2-weighted axial slice through the basal ganglia. There is a patchy hyperintensity (prolonged signal) in the caudate (head) and putamen. The patchy hyperintensity represents the pathological findings of microcystic cavitation, vascular proliferation, neuronal loss, and demyelination [78] predominantly affecting gray matter and not confined to vascular territories; they have lactate peaks demonstrating OXPHOS defects (Fig. 3) [79, 93] . Approximately 80 % of MELAS patients carry the m.3243A > G mutation within the tRNA Leu gene [96] . Other mutations can be found in this same tRNA gene at m.3271 T > C and give rise to MELAS [97] . The tRNA gene for valine may also induce MELAS [98] . The mtDNA-encoded subunits within complex I seem to be a hotspot for mutations causing MELAS, as mutations within ND1 and ND5 have been reported to be associated with it [99, 100] . There are also reports of mutations in the gene encoding a protein in complex IV, COXIII, inducing MELAS [101] .
KSS
The second most frequent mtDNA syndrome in the cited studies was KSS [52, 54, 91, 92] . Of historical interest, KSS was one of the first mitochondrial diseases identified with an mtDNA abnormality [29] . This syndrome is due to a large deletion within mtDNA and is a multisystem disorder, with rare patients presenting as a progression of Pearson syndrome [102] . Clinically, KSS is associated with the triad of retinitis pigmentosa, progressive external ophthalmoplegia, and onset before the age of 20 years. In addition, one other clinical symptom is required for diagnosis: cardiac conduction block, elevated cerebrospinal fluid protein concentration (>100 mg/dL), or cerebellar ataxia. Features of endocrinopathies, short stature, and dysphagia are often found.
Neuropathy, Ataxia, and Retinitis Pigmentosa Heteroplasmy can alter phenotype. Neuropathy, ataxia, and retinitis pigmentosa (NARP) and Leigh syndrome have been described with identical mtDNA mutations in ATPase6, m.8993 T > G [103] . In patients with heteroplasmy >90 %, Leigh syndrome is displayed, while percentages between 60 % and 90 % express NARP. Another mutation, m.8993 T > C can give rise to both Leigh syndrome and NARP, with heteroplasmy >90 % required for NARP expression and near homoplasmy required for Leigh syndrome. These data suggest that the degree of ATP production via ATPase6 activity may be related to NARP versus Leigh syndrome expression. However, the degree of heteroplasmy seems to be restricted to the ATPase6 gene as more than 26 mtDNA mutations have been described for Leigh syndrome and none of these other mutations have been found in NARP patients. The reason for the ATPase6 exclusivity remains unknown.
Clinically, NARP is characterized by proximal neurogenic muscle weakness, ataxia, and pigmentary retinopathy, but other features are usually present. Patients can have seizures, learning difficulties, dementia, short stature, sensorineural hearing loss, progressive external ophthalmoplegia, cardiac conduction defects, and anxiety disorder [104, 105] .
LHON
Historically, the first mtDNA point mutation described to give rise to a mitochondrial disease was the m.11778 G > A mutation inducing LHON [30] . LHON is principally an organ-specific disorder affecting the retinal ganglion cells of the optic system. Patients present with a unilateral acute or subacute central painless vision loss. Visual loss spreads to the other eye within approximately 2 months. Onset is usually between 20 and 40 years of age, and, for unclear reasons, targets males. Males account for more than 50 % of LHON patients, while only 10 % of females are affected in pedigree studies. However, LHON mutations are homoplasmic, which would suggest that all patients with this mutation should express the disorder. The reasons for the incomplete penetrance of LHON mutations, as well as the male predominance of disease expression, remain unclear.
More than 95 % of patients with LHON have 1 of 3 mutations: m.11778 G > A, m.3460 G > A, or m.144484 T > C. Over multiple age ranges, mutations in complex I, more specifically in the gene encoding the ND1 subunit, are the most common, but mutations are spread thoughout the mtDNA genes encoding other complex I subunits [106] . Several interesting mechanisms that modify phenotype are also found in LHON. In some patients reversal of vision loss occurs, which is somewhat dependent on which mutation is present. For instance, about 70 % of patients with the m.14484 T > C mutation have some reversal of vision loss Fig. 3 This is a magnetic resonance image of a 9-year-old male who has MELAS. The image is from a 3-Telsa magnetic resonance using diffusion weighted image sequence acquisition. The image demonstrates a hyperintensity (bright signal) within the right parietal cortex involving the postcentral gyrus and the medial parietal lobe adjacent to the midline. The hyperintensity represents a metabolic stroke that was described as acute onset of left-sided numbness, unreactive right pupil and gait disturbance compared with only 25 % of the m.11778 G > A mutation [107] . There are secondary LHON-inducing mutations, which, by themselves, are not disease-causing, but when present with primary LHON pathological mutations may act synergistically to modify disease expression [108] . Evidence also points to non-synonymous polymorphisms found in mitochondrial DNA haplogroups, J1c and J2b, increasing penetrance of LHON mutations, m.11778 G > A and m.1184 T > C [109] . An environmental stressor, such as tobacco use, has also been implicated in LHON expression, especially in males [110] . Finally, there is some evidence that estrogens may modify mitochondrial function within human retinal ganglion cells and therefore reduce female expression of the disease [111] . The above data taken together demonstrate that LHON shows a broad range of epigenetic controls of mitochondrial disease expression.
MERRF
MERRF is one of the progressive myoclonic epilepsies. Clinically, it is characterized by a set of four constant features: myoclonus, generalized epilepsy, ataxia, and raggedred fibers within muscle tissue [112] . Onset is usually in childhood or early adulthood following normal development. Presentation is often myoclonus. In addition to the canonical features, there is hearing loss, optic atrophy, short stature, progressive myopathy, often in a limb-girdle distribution, and pyramidal signs. Other less common symptoms are multiple lipomas and Wolf-Parkinson-White syndrome.
The most common mtDNA mutation is found in the gene encoding tRNA Lys at m.8344A > G. More than 80 % of patients with MERRF are found to have this mutation [113, 114] . Interestingly, unlike most all other mtDNA mutations, this mutation is not at a conserved site in the protein. Other, less common, disease-encoding mutations are found within the same gene, as well as other tRNA-encoded mtDNA genes [115] .
Other Mitochondrial Diseases Expressed During Infancy and Childhood
There are other mitochondrial disorders induced by mtDNA mutations. Most are case/family reports and have been noted to be associated with genes encoding complex I, III, and IV subunits. For a review, the reader is referred to an article by Wong [106] .
Diagnosis of mtDNA Disease
There is no single test that is sensitive or specific for the diagnosis of a mtDNA-related disorder. The complexity of mitochondrial genetics with heteroplasmy/homoplasmy and biochemistries, together with the findings from clinical phenotype, family history, and neuroimaging, must be integrated to guide the diagnosis. A systematic approach to the work-up of patients with mitochondrial disease has been published to help the clinician [116, 117] . The problem of variation of heteroplasmy levels between tissues, as well as changes within particular tissues over time, can make diagnosis difficult [118] . As noted previously, invasively obtained muscle tissue may be superior in consistency level of heteroplasmy compared to blood, which is especially true for KSS compared to Pearson syndrome [66] . The investigation of the m.3243A > G mutation has demonstrated that this mutation decreases in heteroplasmy over time, but clinical symptoms and heteroplasmy levels are most accurately measured in urinary epithelial cells compared to leukocytes and buccal mucosa cells [119] .
Possible genotype:phenotype correlations are lacking in many, if not most, mtDNA mutations. There are many reasons for this finding, but most are related to the unique mitochondrial physiology. Owing to polyploidy it is difficult to engineer and deliver mtDNA mutations to alter heteroplasmy. Even if delivery were easy, there is little recombination of mtDNA molecules. Finally, there are few animal models for investigation of specific mtDNA-related disease. Not only have these factors limited elucidation of biochemical mechanisms of phenotypic expression, but, more importantly, it has limited therapeutic approaches.
Treatments
A recent Cochrane review of possible treatments for mitochondrial disorders has concluded that there is no clear evidence of any effective intervention in mitochondrial disease [120] . However, there are small studies indicating that the "mitochondrial cocktail" may be helpful in certain patients [120] . The mitochondrial cocktail consists mostly of antioxidant vitamins/factors (coenzyme Q10, alpha-lipoic acid, vitamin C, and vitamin E), and its formulation and use is based on the hypothesis that increased oxidative damage plays a role in mitochondrial disease. Redox imbalance creating increased production of oxygen radicals and byproducts in many mitochondrial diseases substantiate the role of increased oxidative damage in disease [121] .
There are some promising avenues for treatment. One is exercise therapy: well-tolerated endurance training has been found to improve OXPHOS function [122] . Resistance training has been found to improve muscular strength and oxidative capacity by decreasing the proportion of COXnegative fibers [123] . Furthermore, there is a novel medication making its way through the clinical trials pathway that may be of some benefit [121] . Hopefully, these new possible therapeutic interventions are only a part of the onset of possible treatments for this devastating group of diseases.
Conclusion
Mitochondrial disorders due to mtDNA mutations can present at any age, although they are more frequent in older age groups. The unique physiology of the mitochondrion can alter expression of the mtDNA with respect to clinical presentation. There can be many influences on phenotypic expression that remain to be explored. Multisystemic disorders are common, but for reasons that are not clear, single organ involvement can also occur. However, within the clinical variability are syndromes that have a degree of constancy of the phenotype that present throughout the neonatal and childhood years. Whether this finding is due to identification bias is unknown. The most consistent organ involvements are the central nervous system and musculoskeletal system, which is likely owing to energy requirements. Neonatal involvement is less common than in later childhood, but can be devastating when present. Future studies will have to define phenotypic-altering external factors, emphasis on earlier detection, and cost-effective ways to detect genetic mutations and heteroplasmy. Understanding of these factors is necessary for our developing of therapeutic interventions to decrease mortality and morbidity of these diseases.
